


















Abstract   
In this research, membranes of a biodegradable polymer, poly(3-hydroxybutyrate), were 
synthesized by the phase inversion technique. The surfaces of the formed membranes were 
modified by first grafting with poly(acrylic acid) and then immobilizing with lysine. These 
membranes were employed in culture of osteoblast (hFOB 1.19) to examine their 
biocompatibility. The porous structure and pore size of the membrane were controlled by 
formation parameters, e.g., dissolution temperature of casting dope. The pore size of the 
surface fell on the range of several microns. Plasma-induced polymerization method was used 
to graft poly(acrylic acid) on the membrane surface. Various process variables, viz., plasma 
treatment time, plasma power, grating reaction time, monomer concentration, and membrane 
porous structure were found to affect the graft yield, for which the largest attainable value was 
0.48 mg/cm2 under optimal conditions. Immobilization of lysine on the membranes was 
carried out by forming amide bonds with previously grafted poly(acrylic acid), using 
1-ethyl-3-(3-diethylaminopropyl) carbodiimide hydrochloride (EDAC) as a medium. The 
immobilization yields were dependent on reaction conditions, such as concentration of EDAC, 
pH, reaction time, concentration of lysine, membrane structure, etc., with a highest yield of 
0.55 µg/cm2. Culture of osteoblast cell on various membranes indicated a better attachment 
and growth of the cell on porous membranes than on dense ones. Poly(acrylic acid) inhibited 
the growth of osteoblast cell, while, by contrast, lysine promoted it. However, as a result of 
low immobilization yield, the latter improvement was more or less confined.  
 
Keywords: biodegradable polymer, poly(3-hydroxybutyrate), porous membrane, surface 
modification, lysine, cell culture. 
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2.  目的 




3.  原理 

























































































































Figure 1  電漿誘導接枝聚合反應示意圖。 
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3.4  薄膜固定離胺酸 
在本計畫中為了有效固定離胺酸，採用了 Kang 等所提出的方法【21,22】，選用水
溶性二亞胺基碳(water soluble cabodiimide；WSC)作為蛋白質連結劑(coupling reagent)
【23,24】；WSC的種類繁多，而本計畫選擇 1-ethyl-3 (3-diethylaminopropyl) carbodiimide 
hydrochloride(EDAC)作為連結劑，其作用原理示於 Figure 2【25,26】，首先薄膜表面上































Figure 2  薄膜表面上之聚丙烯酸與離胺酸反應。(A)羧基活化；(B)酸酐與離胺酸之胺基
反應。 
 
















































Beyer 將高分子 poly[(l-methylvinyl isocyanate)-alt-(maleicanhydride)]以胺基矽甲烷化
(aminosilanized)的方式來接枝昆布胺酸 (laminin)的片段以及 aminopoly(ethylene 
oxide)(APEG)，以改善海馬趾的細胞之生長【42】。 
多數的改質策略是先從材料親疏水性方面著手探討，若材料對於蛋白質的吸附力
好，便能夠使表面佈滿 ECM 蛋白質，使細胞能夠貼附於此。如 Iwasaki 曾經以磷脂











4.  實驗 
(1) 材料   
(A) 薄膜製備 
聚羥基丁酯(Poly(3-hydroxybutyrate)；PHB)：Aldrich，Tm = 172℃ 
氯仿(Chloroform)：Acros，99.8%，M = 119.38 g/mol，mp = -63℃，bp = 61℃ 
乙醇(Ethanol)：Fluka，99.8%，M = 46.06 g/mol，mp = -144℃，bp = 78℃ 
正己烷(Hexane)：六合化學，95wt%工業級，bp = 69℃，d = 0.659gm/ml 
(B) 薄膜電漿接枝聚丙烯酸 
丙烯酸(Acrylic acid)：Acros，99.5 %，M = 72.06 g/mol，mp = 13℃，bp = 139℃ 
氫氧化納(Sodium hydroide)：Acros，M = 40.00g/mole，mp = 12℃，bp = 140℃ 
鹽酸水溶液(Hydrochloric acid solution，1N)：Acros，mp = -25℃，bp = 85℃ 
硫酸亞鐵(Ammonium Iron(Ⅱ) sulfate hexahydrate，Mohr＇s salt)：Junsei Chemical  
Co. Ltd.，mp = 100℃，d = 1.8600 mg/ml 
其他：蒸餾水、氬氣 
(C) 固定離胺酸 
活化劑(1-ethyl-3-(3-diethylaminopropyl) carbodiimide hydrochloride，EDC)：Acros，M = 
191.70g/mole，mp = 100-114℃ 
離胺酸(L-Lysine)：Sigma USA，98%，M = 182.7 g/mole 





骨母細胞(hFOB 1.19)：human osteoblast cell line 
乳糜胰蛋白脢(Trypsin type III)：Sigma，M = 23000 g/mole 
EDTA(Ethylene diaminetetra-acetic acid)：Sigma，99.99%，M = 292.2 g/mole 
胎牛血清(Fetal Bovine Serum；FBS)：Sigma，cell culture, tested 
MTT(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylterazolium bromide)：Sigma，>97%， 
戊二醛(Glutaraldhyde)：Sigma，25% by weight in water，mp = -6℃，bp = 101℃ 
























將未改質薄膜於 50 oC乾燥，並使用 6位數天平秤重紀錄其重量(w0)，再將表面改質
處理後之薄膜清洗烘乾後秤其重量(w1)。 

















    首先將 acid orange 7用0.001N氫氧化鈉水溶液(pH 11)配製成不同濃度之 acid orange 
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7水溶液，分別去做 UV吸收值(Acid orange 7在 UV波長 485nm處有最大的吸收值，如
Figure 4所示)，以製作 acid orange 7之檢量線(Figure 5)，下述測量方式是 Acid Orange 7
分子與表面上的氨基形成離子錯合物【45】。 
將固定Lysine後之PHB薄膜靜置於 5×10-4M Acid Orange 7 水溶液中(pH 3)，於 25 oC
下反應 6小時，使Acid Orange 7與Lysine的NH2形成錯合物，再以 1×10-3M鹽酸水溶液(pH 
3)反覆沖洗薄膜表面並靜置 30 分鐘，以去除未形成錯合物的染料劑，並避免吸附之染
劑因pH值改變脫附出來，再將薄膜置於定量之 1×10-3M氫氧化鈉水溶液(pH 11)中，以震
盪機固定 100 rpm下震盪 24小時後，使吸附於薄膜上之染劑脫附，吸取適量溶液於石英
槽中以UV分光光度計，測其在 485nm之光學密度值(optical density; O.D.)。 
例如，以 5ml的 1×10-3M氫氧化鈉水溶液脫附 1cm2 薄膜上之acid orange 7染劑，取
出約 2ml測其UV吸收度，當吸收度為 0.05時，代入Figure 5中所列之方程式，可得其acid 
orange 7染劑濃度 6.632×10-7M，而acid orange 7可與lysine以 1:1比例反應，因此可經由
下式得知lysine固定量。  
Immobilization yield of lysine (µg/cm2) =  
6.632×10-7M．0.005（L）．146（g/mol）/1(cm2) = 0.48 µg/cm2
 















Figure 4  UV spectrum of acid orange 7 at concentration 1.56×10-6M.  
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concentration of acid orange 7
 
 












(6)骨母細胞培養    
(A) 初代之骨母細胞培養 
實驗所使用的骨母細胞為細胞株(hFOB 1.19)。細胞培養基乃為市售的DMEM/F12
培養液(外加入 2 mM L-glutamine, 10 mM HEPES, 100 U/ml penicillin, 100 mg/ml 
































(a) 細胞活性試驗(MTT test)：分別經過不同時間培養之骨母細胞乃是以MTT 試驗
來決定細胞的存活率。將培養盤中的培養液抽出，並以 PBS溶液沖洗，在每個 well中
加入 500 µl 培養基及濃度為 2mg MTT/ml PBS溶液 75µl，在 37℃下培養 3小時，加入
500 µl IPA來溶解藍色結晶，並放置在搖盪器上 15分鐘使其均勻。從溶液中吸取 200 µl







1. Glutaraldehyde  2.5%      1hr/PBS 
2. PBS Washing              15min × 2 
3. 60%乙醇                 10 min 
4. 70%乙醇                 10 min 
5. 80%乙醇                 10 min 
6. 90%乙醇                 10 min 

















Table 1  Preparation conditions and tensile strength of PHB membranes 
Code 
Dope dissolution temperature (oC) Bath Method 
Tensile strength at 
break (gf/mm2) 
Film 80 Air Dry method 605 
M80 80 Ethanol Wet method 109 
M100 100 Ethanol Wet method 38 
M120 120 Ethanol Wet method 63 















(a)                                     (b) 
               
 
(c)                                  (d) 
    
 
Figure 6   SEM photomicrographs showing the morphologies of the top surfaces of PHB 
membranes. (a) Film ; (b) M80 ; (c) M100 ; (d) M120. 
 
 

































reaction time (h)  
Figure 7  Effect of morphology and reaction time on the grafting yields of poly(acrylic acid) 
on PHB membranes. RF power = 50 W; Plasma treatment time = 90 sec; Monomer 
concentration = 20 % (AA); Fe2+ = 1.5×10-3 M. 
 
Table 2  Grafting yields of poly(acrylic acid) on film and membrane M80. 
 
Code Reaction time (h) Grafting yield 
(mg/cm2) 
Grafting amount of 
-COOH (mmole/cm2) 
Film-g-LAA 1 0.07 1×10-3 
Film-g-HAA 6 0.16 2.25×10-3 
M80-g-LAA 1 0.12 1.64×10-3 
M80-g-HAA 6 0.47 6.56×10-3 
 
5.2  PHB-g-AA薄膜與離胺酸反應之檢測分析 
5.2.1  衰減全反射儀（ATR）之定性分析 
Figure 8為純PHB薄膜(線a)、接枝聚丙烯酸薄膜(線b)與固定lysine薄膜(線c)的FTIR
圖譜，可發現經接枝聚丙烯酸與固定lysine後之薄膜在 3400 cm-1處皆有－OH官能基吸收
峰，在線b靠近 1560 cm-1處可發現聚丙烯酸的非對性COO－吸收峰，在線c靠近 1560cm-1
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Figure 8  FTIR spectra of various membranes. (a)M80, (b)M80-g-HAA, (c)lysine immobilized 
M80-g-HAA, immobilization yield = 0.55 µg/cm2. 
 





































Conc. of  EDAC (M)  
Figure 9  Variation of lysine immobilization yield with EDAC concentration on membrane 
M80-g-HAA. EDAC activation at pH 3 for 6 hr; lysine immobilization at pH 10 for 24 hr, 
lysine concentration = 0.05 M.  
 
(B) EDAC活化之 pH值對離胺酸固定量之影響 
    EDAC活化過程中，酸鹼值對丙烯酸之活化程度有相當之影響，在酸性環境下有利
於 EDAC與羧基反應生成 O-acylisourea衍生物，進而產生之後的縮合反應。由 Figure 10
中可以觀察出在 pH 3時有最高固定量，隨著 pH值再提高固定量則下降，而在過酸的環
境下反而會抑制活化反應進行，而導致 lysine的固定量反而下降。 






























Figure 10  Variation of lysine immobilization yield with pH of EDAC activation on 
membrane M80-g-HAA. EDAC activation time = 6 hr, EDAC concentration = 0.05 M; lysine 





    EDAC 活化聚丙烯酸時間之長短將影響活化基團的數目，進而改變離胺酸的固定
量，由 Figure 11可以觀察出，當活化時間到達 6小時後 lysine固定量趨於平緩，增長活
化時間無法明顯的增加 lysine固定量，因此 EDAC的有效活化時間約為 6小時。 
 




























EDAC activation time (hr)  
 
Figure 11  Variation of lysine immobilization yield with EDAC activation time on membrane 
M80-g-HAA. EDAC activation at pH 3, EDAC concentration = 0.05 M; lysine immobilization 




    Lysine的濃度是影響固定量的最重要因素，如Figure 12 所示當lysine濃度達到





































Figure 12  Variation of lysine immobilization yield with lysine concentration on membrane 
M80-g-HAA. EDAC activation at pH 3 for 6 hr, EDAC concentration = 0.05 M; lysine 



























































high pH  
 
Figure 13  Lysine胺基酸官能基電性與pH值的關係示意圖 
 





























Figure 14  Variation of lysine immobilization yield with lysine concentration on M80-g-HAA. 
EDAC activation at pH 3 for 6hr, EDAC concentration = 0.05 M; lysine immobilization 24hr, 




    Figure 15可觀察出 lysine固定量是隨著反應時間增加至 12小時後趨於平緩，即使
增加固定化時間對於 lysine的固定量並無太大的增加，而在較短的固定化時間(<12小時)
並無法有效固定 lysine，因此並無法於短時間下達到有效的 lysine固定量。 































Figure 15  Variation of lysine immobilization yield with immobilization time on M80-g-HAA. 
EDAC activation at pH 3 for 6hr, EDAC concentration = 0.05 M; lysine immobilization at pH 





(EDAC活化條件為pH 3下活化 6小時，且EDAC濃度為 0.05 M；固定lysine條件為pH 10
下反應 24小時，lysine濃度為 0.05 M)，由Table 3可發現當薄膜表面接枝的聚丙烯酸量
越高時，所固定的lysine量也越高，而以M80-g-HAA的 0.55 µg/cm2為最高，而Film-g-HAA
與M80-g-LAA的固定量相差並不大。 
Table 3  Immobilization yields of lysine on poly(acrylic acid) / PHB membranes. 
Code Substrate  Lysine immobilization yield (µg/cm2) 
Film-g-LAA-Lys Film-g-LAA 0.24 
Film-g-HAA-Lys Film-g-HAA 0.34 
M80-g-LAA-Lys M80-g-LAA 0.28 
M80-g-HAA-Lys M80-g-HAA 0.55 
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5.2.3  化學分析電子光譜（ESCA） 
    Figure 16 為薄膜M80與改質後之薄膜M80-g-HAA與M80-g-HAA-Lys之ESCA全掃描
圖，由其解析出的峰值分別是C1s : 285 eV、O1s : 532eV、N1s : 400eV，由於本研究中
所固定的lysine僅只 0.55 µg/cm2，因此由全掃描圖並未能清楚做出定量分析。 
 













Binding energy (eV)  















Table 4  Contact angle of water on PHB membranes 
 Film M80 M120
Top surface 80 114 115 
 
Table 5  Contact angle of water on modified top surface of poly(acrylic acid) / PHB 
membranes. 
Code Film-g-LAA Film-g-HAA M80-g-LAA M80-g-HAA 
Top surface 77 67 0 0 
 
Table 6  Contact angle of water on lysine immobilized membranes. 
Code Film-g-LAA-Lys Film-g-HAA-Lys M80-g-LAA-Lys M80-g-HAA-Lys
Top surface 32 32 0 0 
 
5.3  骨母細胞(hFOB 1.19)培養 
5.3.1  薄膜結構對細胞生長之影響 





管任何時間之吸收值皆比控制組Tissue culture polystyrene (TCPS)低，有趣的是M120與
TCPS彼此間最大吸收值卻僅相差約 15%，這是因為多孔結構之PHB有利於提供較大的
表面積給予hFOB 1.19 成長，而平面之PHB卻無此優勢，因此MTT之吸收值以TCPS > 
M120 > M80 > Film之趨勢呈現。 
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Culture time (day)  
Figure 17  Effect of morphology on the viability of hFOB 1.1.9 cell grown and proliferated 
on PHB and control TCPS.  
    Figures 18與 19分別為hFOB 1.19在培養盤成長的光學顯微影像與電子顯微攝影圖
片，明顯可見hFOB 1.19的成長狀況良好，一天幾乎填滿培養盤，形態為細長之多邊形。
Figures 20~22為PHB薄膜經hFOB 1.19培養 1~4天之電子顯微攝影影像，可發現細胞貼
附情況與各組之MTT 趨勢相符，當O.D.值越高時細胞貼附量越高，O.D.值越低時細胞
貼附量則越低，且細胞之尺寸隨薄膜孔隙之增大而縮小，例如培養 1 天後可由film的




Figure 18  Optical microscopy photograph of the morphology of hFOB 1.19 cells cultured 




(a)                                     (b) 
       
 
(c)                                     (d)      
           
 
Figure 19  SEM photomicrographs of the morphologies of hFOB 1.19 cells cultured on 
TCPS. (a) 1 day; (b) 2 day; (c) 3 day; (d) 4 day. 
 
(a-1)                                   (a-2)                                             
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(b-1)                                   (b-2) 
     
 
(c-1)                                   (c-2) 
     
 
(d-1)                                   (d-2) 
     
 
Figure 20  SEM photomicrographs of the morphologies of hFOB 1.19 cells cultured on PHB 







(a)                                     (b) 
     
 
(c)                                     (d)      
     
 
Figure 21  SEM photomicrographs of the morphologies of hFOB 1.19 cells cultured on PHB 









(a)                                     (b-1) 
         
 
(b-2)                                   (c) 





Figure 22  SEM photomicrographs of the morphologies of hFOB 1.19 cells cultured on 
membrane M120. (a) 1 day; (b) 2 day; (b-1) 2 day, 2kx; (c) 3 day; (d) 4 day.  
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5.3.2  改質薄膜對細胞生長之影響 
    本研究以不同結構之薄膜進行電漿接枝聚丙烯酸，再將其固定lysine，然後探討不





















































Figure 23  Effect of treatment on the viability of hFOB 1.1.9 cell growth and proliferation on 




















































Figure 24  Effect of treatment on the viability of hFOB 1.1.9 cell growth and proliferation on 
membrane M80 and control TCPS.   
 
 
    Figures 25~32為細胞在改質之 PHB薄膜上培養不同時間之顯微攝影圖，經丙烯酸
改質之 PHB薄膜(Figures 25~28)其細胞貼附量明顯變少，且細胞尺寸及偽足形態都明顯
的萎縮，當聚丙烯酸的接枝量越大時其萎縮現象更加明顯，因此 hFOB 1.1.9不適合在具














(a)                                     (b) 
     
 
(c)                                     (d)      
     
 
Figure 25  SEM photomicrographs of the morphologies of hFOB 1.19 cells cultured on 











(a)                                     (b) 
     
 
(c)                                     (d)      
     
 
Figure 26  SEM photomicrographs of the morphologies of hFOB 1.19 cells cultured on 











(a)                                     (b)   
     
 
(c)                                     (d)      
     
 
Figure 27  SEM photomicrographs of the morphologies of hFOB 1.19 cells cultured on 








(a)                                     (b)   
         
 
(c-1)                                     (c-2)      





Figure 28  SEM photomicrographs of the morphologies of hFOB 1.19 cells cultured on 







(a)                                     (b)   
     
 
(c)                                     (d)      
     
 
Figure 29  SEM photomicrographs of the morphologies of hFOB 1.19 cells cultured on 











(a)                                     (b)   
     
 
(c)                                     (d)      
     
 
Figure 30  SEM photomicrographs of the morphologies of hFOB 1.19 cells cultured on 











(a)                                     (b)   
     
 
(c)                                     (d)      
     
 
Figure 31  SEM photomicrographs of the morphologies of hFOB 1.19 cells cultured on 











(a)                                     (b)   
     
 
(c)                                     (d)      
     
 
Figure 32  SEM photomicrographs of the morphologies of hFOB 1.19 cells cultured on 










枝量為 0.47 mg/cm2為最大。 
2. 本研究將lysine固定於已接枝聚丙烯酸之PHB薄膜上，並探討各變因對固定量之影
響，發現當聚丙烯酸接枝量為 0.47 mg/cm2時，最佳固定條件為：在pH 3下以濃度 0.05M 
EDAC活化聚丙烯酸 / PHB薄膜 6 hr，然後在pH 10下以濃度 0.05 M之lysine溶液反應 24 
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